Recently, carbon dioxide (CO 2 ) capture and storage (CCS) technology has been a hot research topic since CO 2 emissions are one of the most important reasons of global warming and climate change. In this study, CO 2 absorption system was established to study the chemical absorption process of CO 2 in MEA solution with nano-particles. This paper mainly aims to study the mass transfer enhancement with the presence of nano-particles in the CO 2 absorption process. The nano-fluids used in this work were prepared by the ultrasonic treatment without any surfactants. It was found that the CO 2 absorption rate could be enhanced by up to 8% with the presence of nano-particles compared to the pure MEA solution.
Introduction
Large-scale emission of CO 2 has been a global environmental problem due to the greenhouse effect [1] . To solve this problem, it is necessary to develop CO 2 capture and storage (CCS) technology. Chemical absorption using alkanolamine solutions is one of the widely used CO 2 capturing methods for flue gas and monoethanolamine(MEA) is the most popular absorbent used in the CO 2 absorption process [2] [3] . During the CO 2 chemical absorption process gas-liquid mass transfer which determines the CO 2 absorption rate plays a very important role. Therefore, it is urgent to take measures to enhance the gas-liquid mass transfer during the CO 2 absorption process.
To promote the gas-liquid mass transfer, fine particles have been introduced into gas-liquid reaction systems. In 1969s, Ramachandran and Sharma [4] added dispersed sparingly soluble particles into a bubbling reactor and found an obvious acceleration of gas absorption rate. Kars et al. [5] used active carbon particles in a stirring reactor to study the absorption process of propane in water, and they found that traditional gas-liquid mass transfer theory was not suitable to describe the experimental phenomena. Alper et al. [6] studied the oxygen absorption in a slurry of active carbon in water and found the oxygen Available online at www.sciencedirect.com absorption rate raised 3 times by introducing active carbon particles. Recently, nano-particles were applied to accelerate mass transfer in gas absorption systems due to their excellent mass and heat transfer effect [7] [8] [9] . However, complete and acceptable theory is lack for explaining the effect of nano-particles on the gas-liquid mass transfer [10] [11] and further investigations are indispensable.
In this study, experiments were conducted to investigate the mass transfer during the CO 2 absorption process in MEA solution with nano-particles. Different nano-particles under different solid loadings and particle sizes were investigated. Inherent relationship between particle size, loading, surface area, viscosity, adsorption, desorption, and mass transfer was discussed in depth by analyzing the interaction mechanism. To eliminate the influence of dispersant, the SiO 2 -MEA and Al 2 O 3 -MEA nano-fluids were prepared using the ultrasonic dispersion method without any surfactant addition. The schematic of the experimental apparatus is shown in Fig.1 .The experimental system consists of a bubbling absorber, a thermostatic vessel, mass flow controllers (MFC), a Fourier Transform infrared spectroscopy (FTIR) and a computer. In the experiments, CO 2 and N 2 outflow from the cylinders and enter the mass flow controllers after flowing through the decompression valves. The amount of feed gas is controlled by the regulators, and the volume flow ratio of N 2 and CO 2 is adjusted to 8:1 so that the volume fraction of CO 2 is fixed at 11.1%. Uniformly mixed gas then flows into the bubble absorber through the bottom nozzle where bubbles are formed and grow to a certain extent to rise freely in the MEA solutions. In the process of bubble rise a portion of CO 2 is absorbed by MEA solutions and unabsorbed CO 2 with N 2 is discharged by the upper outlet of the absorber and is dried in the drying tube by calcium chloride. Finally, the mixed gas after drying comes into the FTIR and the volume fraction of CO 2 can be analyzed and recorded in the computer. To maintain a constant temperature of solutions in absorber, a water bath tank with thermostatic control is used in the experiments.
Experiment

Experimental apparatus and procedure
The nano-fluids used in the experiments are prepared by the following two-step method. Firstly, the nano-particles were prepared. Secondly, the nano-particles were dispersed into the MEA solutions by the ultrasonic treatment to form the stable nano-fluids. To evaluate the stability of the prepared nano-fluids, the dispersion stability of nano-fluids was visualized in vials for 24 hours. Fig.2 showed the great stability of SiO 2 -MEA nano-fluids used in this paper. To eliminate the influence of surfactant, the nano-fluids were prepared without any surfactant addition. The CO 2 absorption experiments were conducted at 35 and the experimental conditions were summarized in Table1. 
Data analysis
The CO 2 volume fraction of tail gas (after absorption and drying processes) was recorded continuously by the FTIR and the amount of CO 2 absorption can be calculated by
Where A V and S V were the amount of CO 2 absorption and the numerical values showed by the FTIR, respectively and 0 Q is the total flow rate of mixed gas.
To show the influence of nano-particles on the CO 2 absorption, the CO 2 absorption enhancement factor is defined as: 2 2 time to reach the CO absorption situation in the absence of nanoparticles time to reach the CO absorption situation in the presence of nanoparticles E 2 In this work, it is assumed that the CO 2 absorption process reaches situation as the CO 2 volume fraction of tail gas increases to 11.1%. Fig.3 shows the variations in the amount of CO 2 absorption of the unit time with the time for solutions with and without Al 2 O 3 nano-particles. It was found that the CO 2 absorption rate was higher for the MEA solutions with the presence of Al 2 O 3 nano-particles than that without nano-particles from 0 to 72 minutes. That indicates that the presence of nano-particles had a significant enhancement influence on the CO 2 absorption at the initial stage of the CO 2 absorption, which could be explained as follows. At the initial stage the MEA concentration was relatively high and the CO 2 absorption was diffusion-controlled, and thus gas-liquid mass transfer was the main resistance. With the presence of nano-particles, micro-convection could exist in the MEA solution due to the Brownian motion of nano-particles, which can improve the gas-liquid mass transfer in the nano-fluids and finally lead to the acceleration in the CO 2 absorption rate. With the decrease in the MEA concentration the CO 2 absorption gradually changed to be kinetic-controlled process. At this situation the concentration of MEA became the main resistance for CO 2 absorption, and the addition of nano-particles had no longer positive effect on the CO 2 absorption process. 
Results and discussion
Effect of Al 2 O 3 nano-particles on CO 2 absorption
Effect of SiO 2 nano-particles on CO 2 absorption
The use of SiO 2 nano-particles with different loadings and different particle sizes was investigated in this section. As shown in Fig. 4 , the CO 2 absorption enhancement factor increased with the solid loading of nano-particle to a maximum value and then decreased. Namely, there was an optimum solid loading of nano-particle for enhancing CO 2 absorption rate. For SiO 2 nano-particles, the optimum value was 0.6kg/m 3 for the particle size of 20 nm and the optimum value was 0.8 kg/m 3 for the particle size of 60 nm. These findings could be possibly explained by three mechanisms. [8] and Alper [9] , fine particles adsorb gas components in the gas-liquid interface and then transfer through the concentration layer, desorbing the gases in the liquid bulk. More particles can take more gases, and thus more particles have a greater effect on CO 2 absorption. However, the gas-liquid interface area was finite in the experiments and the adsorption capacity of particles was limited. If the concentration of particles was too high, there could be too many particles in the gas-liquid interface hindering the gas-liquid mass transfer and resulting in the decrease in theCO 2 absorption enhancement factor.
Brownian motion induced micro-convection by nano-particles could also be used to explain the above mentioned phenomenon. When the solid loading of nano-particles was smaller than the optimum value, the increase in the solid loading could enhance the micro-convection in the MEA solutions which improved the gas-liquid mass transfer. However, when the solid loading of nano-particles was too high, particles were prone to accumulating together leading to weakened Brownian motion.
In addition to the two reasons mentioned above another possible reason was the influence of viscosity of nano-fluids. The viscosity of nano-fluids utilized in the experiments increased with the solid loading of nano-particles. The increase in the viscosity of the nano-fluids had a negative effect on the gas-liquid mass transfer.
Comparison of Al 2 O 3 and SiO 2 nano-particles on CO 2 absorption
The comparison of Al 2 O 3 and SiO 2 nano-particles was discussed in this section. Fig. 5 shows the variation in the CO 2 absorption enhancement factor with solid loading of both the Al 2 O 3 and SiO 2 nano-particles with the same size of 20 nm. It can be seen that the trends for the variations in the CO 2 absorption enhancement factor for the two nano-particles were similar, and the optimum solid loadings for both the Al 2 O 3 and SiO 2 nano-particles were all 0.6 kg/m³.However, the influence of Al 2 O 3 nano-particles on the CO 2 absorption was slightly stronger than that of SiO 2 nano-particles. 
Conclusions
In this work the chemical absorption process of CO 2 in MEA solutions was experimentally investigated with the effect of addition of nano-particles. The addition of nano-particles (SiO 2 and Al 2 O 3 ) with suitable particle size in MEA solution was found to effectively promote CO 2 absorption. The CO 2 absorption rate by the addition of nano-particles can be increased by up to 8% compared to the pure MEA solution. Inherent relationship between particle size, loading, viscosity and mass transfer was also discussed in depth by analyzing the interaction mechanism. Therefore, the suspensions of nano-particles in absorbents are expected to be a promising method for CO 2 absorption process.
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